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Abstract 
Land use optimization is a prerequisite for sustainable development, regardless the characteristics of the zone before 
and after industrial intervention.  In order to determine the questions “what to do?” and “where should be done the 
proposed application?” multi-criteria analysis is used.   Various algorithms, software, meteorological stations, 
satellite images, aerial photographs, sun-photometers and other instruments and equipment were employed in the 
studied area. For the purpose of this research, three variables were included in the Multi-criteria analysis: 
groundwater, evapotranspiration and subsurface models information.  Those variables will determine if the land is 
desirable for agriculture, for forestry, or artificial wetlands purposes. The results show special need for developing 
artificial wetlands (42%), followed by Agriculture (23%) and Forestry (12%).  The results for “Do Nothing” (23%) 
relate to the actual situation of the recovered zone after mining intervention with agriculture applications which had 
been proved to be successful in attaining Sustainable Development. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of HumTech2015. 
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1. Research Zone 
 
The selected research study zone was Guasca Municipality in Colombia. The economy of the region was based upon 
raising cattle, especially for milk production, and some agriculture. Potato plantations and flower production were 
also present. The soils were acidic with little nutrient content. The water was highly polluted with organic matter 
that promotes the growth of algae and other undesirable plants that can cause the eutrophication of lakes. The land 
was hardly used and supported only very small farms. 
The study zone had also advantages. It was close to Bogotá (Colombian Capital) and several other municipalities, 
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and the roads were in good condition. There were mining industries around the area producing aggregates, coal, 
iron, clay for brick production, and thermal water. There were many streams and two main rivers: the Siecha and the 
Aves. The weather was generally good, with an average temperature of 12°C and rain from 500 to 1200 mm per 
year (information from research's weather stations). 
 
1.1. Variables 
 
Different steps were required in defining the variables for the Multi-criteria analysis: 
 
x The first step was the determination of a georeference. In order to define the georeference, a SPOT image 
was selected, and ground control points were placed in the image using the ILWIS program. The ground 
control points were found using a double-frequency Hipper GGD TOPCON combined with the ASHTECH 
SOLUTION V 2.7 software. 
 
x The second step was the determination of the Digital Elevation Model (DEM). Four DEMs were generated 
using the PCI software and four aero-photographs taken in different years and at different scales. The 
resolution was 5 m in all the images. Information was required about the camera calibration as well as the 
ground control points taken previously and the multiple tie points from the images. 
The DEMs from the aero-photographs were developed and linked by means of ILWIS. The projection used 
was: Gauss Colombia. Datum: Bogota Observatory. Ellipsoid: International 1924. The resulting DEM had 
an R2 of 0.92 with respect to the ground control points. 
 
x The third step was the analysis of the subsoil by means of geoelectric data. There were a total of 193 points 
distributed in 16 lines from R1 to R16.  The studied angle tolerances varied every 15 degrees from 0 to 345 
degrees. A further selection of directional tolerance was performed. Six directions were preferred: 75, 135, 
165, 210, 270, and 300 degrees. An automatic fitting was used for every line at the selected directional 
tolerances.  Cross-validation followed, in order to select the best initial model for every line.  The ISATIS 
software was implemented for geostatistical analysis. 
 
The selection of the initial model was performed depending upon the errors and standard errors of the mean and the 
variance. The major number of smaller values for the four selectors (error and standard error of mean and variance) 
was preferred. When negative values appeared, the variance was the selector. Models that did not converge were 
designated as NC. 
The results supported the finding that there was a preferred single direction. The selected models were all Spherical 
at the tolerance on direction, shown as follows: 
 
Table 1. Geoelectric lines and Tolerance on direction 
 
Variable Tolerance on Direction [degrees] 
R1 300 
R2 135 
R3 165 
R4 75,270 
R5 270 
R6 270 
R7 210,270 
R8 270 
R9 270 
R10, 11,12,13,14,15,16 210 
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For each selected model, an analysis of azimuth changes in three directions was performed at 15, 30, 45, 60, and 75 
degrees. For example, line R12 at a directional tolerance of 210 degrees and a change in azimuth of 15 degrees in 
the Y direction was as follows: 
 
 
 
 
Figure 1. Line R12 at a directional tolerance of 210 degrees and azimuth change of 15 degrees in the Y direction. 
 
The cross-validations of every preferred directional tolerance and azimuth change are shown as follows: 
 
Table 2.  Results of cross validation for geoelectric lines R1 to R4. 
 
 
For lines R5 to R16, the azimuth selected was 0, either because there were no changes in the models, meaning that at 
all directions X, Y, and Z, the model remained the same, or because after the cross-validation with the DEM, the 
standard deviation was smaller. For the DEM developed, the fitting was also performed for 448915 points as shown 
in Figure 2. 
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Fig 2. Digital Elevation Model fitting in ISATIS for 488915 points 
 
The selected model was a Gaussian function with no nugget, a scale of 7163.32 m, and a sill of 2461.46 m.  Every 
selected model was cross-validated with the corresponding height from the DEM, and correlations were 
subsequently determined. The correlations among the variables were also performed. 
The selected models are shown as follows: 
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Table 3. Geostatistical Results for Geoelectric lines R1 to R10 
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If there were more than one model to choose from, they were tested using ILWIS, and the model with the smaller 
standard deviation of the error was selected. The cokriging results were applied to the corresponding studied area for 
every line from 1 to 12. The average of lines 1 and 2 formed layer 1; the average of lines 3 and 4 formed layer 2; the 
average of lines 5, 6, 7, 8, and 9 formed layer 3; and the average of lines 10, 11, and 12 formed layer 4. The 
selection was performed depending upon the variance correlation among the variables, the similarity in directional 
tolerance, and the minimum, maximum, and average Ohm-m. The results for layers 1to 4 are shown as follows: 
 
 
 
Figure 3. The cokriging results for layers 1 to 4 in Ohm-m 
 
x The fourth step was the determination of the Evapotranspiration.  This variable refers to the water transfer 
from the Earth’s surface to the atmosphere.  It involves two phenomena: evaporation or a mass transfer 
from the ground to the atmosphere, and transpiration or water loss from plants into the atmosphere through 
stomata (Bandara et al, 1998). Evapotranspiration influences the hydrologic cycle and, moreover, the 
water-balance process. 
 
Three algorithms were analyzed: SEBAL, Potential evapotranspiration and SEBS. 
 
The Surface Energy Balance Algorithm for Land (SEBAL) model was used to determine the evapotranspiration in 
the study zone. SEBAL is based upon the energy-balance equation: 
 
 
 
where Rn is the net radiation, G is the soil heat flux, H is the sensible heat flux, and LE is the latent heat flux. These 
components are considered the principal energy sources that drive the land surface flux densities. The equation 
neglects the energy required for photosynthesis and the heat storage in vegetation. The SEBAL model is a one-
source modeling approach that does not discriminate soil and vegetation components. It is based upon the estimation 
of spatial variability in surface energy fluxes (French 2005). The net instantaneous radiation is defined as:  
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where ro is the shortwave broadband surface albedo map [-], KĻis the instantaneous incoming shortwave radiation 
[W m-2], /Ļis the instantaneous incoming longwave radiation [W m-2], and /Ĺ is the instantaneous outgoing 
longwave radiation [W m-2]. (Some calculations presented in Appendix A) 
 
For potential evapotranspiration the following equations were used: 
 
 
 
where the Priestley-Taylor coefficient, or the coefficient of advectivity, represents the fraction of surface moisture 
available for evaporation with an average value of 1.26. 
 
ǻLVWKHVORSH vapor pressure curve [kPa °C-1]: 
 
 
 
(FAO 56) 
 
where T is the daily average air temperature at the station [°C]. 
 
 
 
(FAO 56) 
 
where Ȗ is the phychrometric constant [kPa °C-1], P is the atmospheric pressure [kPa],Ȝ is the latent heat of 
vaporization = 245 MJ kg-1, cp is the specific heat at constant pressure = 1013 × 10-3 MJ kg-1 °C-1, and ܭis the ratio 
of the molecular weight of water to that of dry air = 0.622. 
 
The pressure value was found as: 
 
 
 
(FAO, 56) 
 
For the Priestley-Taylor coefficient (Į), the relationship found by Sumner at al. (2005) was used: 
 
 
 
Where S is the incoming solar radiation [W m-2], L is the LAI [m2 m-2], a = -9.95 × 10-4,  
b= 6.36 × 10-7, c = 0.801, and d = 0.657. 
The potential evapotranspiration values provided by ILWIS software had: minimum values from 3.46 to 5.7, on 
average, to maximum values from 7.28 to 10 mm day-1. 
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The third algorithm to determine evapotranspiration used was:  The Surface Energy Balance System (SEBS) model. 
This model is based upon the energy balance equation: 
 
 
 
Where Rn = net radiation, Go is the soil heat flux, H is the sensible heat flux, and Ȝ( is the latent heat flux. 
 
Net radiation is defined as: 
 
 
 
where Įis the broadband surface albedo [-]; Rswd is the downward incoming solar radiation [W m-2]; ܭ is the 
emissivity of the surface; Rlwd is the downward longwave radiation [W m-2]; ıis the Stefan-Boltzmann constant; and 
To is the surface radiative temperature measured by a remote sensor from the visible to the thermal infrared 
wavelengths.  (Some calculations presented in Appendix B). 
 
A comparison of the results from SEBAL and potential evapotranspiration is as follows: 
 
Table 4. Actual and Potential Evapotranspiration results  
 
 Actual evapotranspiration 
mm day-1 SEBAL 
Potential evapotranspiration 
mm day-1 Calculated 
Potential evapotranspiration 
mm day-1 Software 
Average Value 5.22 5.47 5.69 
 
The average evapotranspiration from the SEBS model without the use of a sun-photometer were 3 mm. With the use 
of the sun-photometer, the average evapotranspiration was 6 mm, which was very similar to the results from the 
SEBAL algorithm and Potential evapotranspiration's average.   
 
x The fifth step was to define groundwater levels.  Various piezometers were drilled and divers were placed 
in the study area to measure changes in water level.  Various fitting models were analyzed on the platform 
of the lumped water balance model presented in Appendix C. The  Fourier transformations (using 
MATLAB) obtained the best fitting as shown in the following figures: 
 
 
 
Fig 4. Best fitting for 2008 data                                         Fig 5. Best fitting for 2009 data 
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Figure 6. Best fitting for 2010 data. 
 
The data from the divers were used in the Multi-criteria analysis with values that could vary between 0 to 150 mm. 
 
1.2. Multi-Criteria results 
 
By using the ILWIS program and with the information obtained previously, the following criteria were used to 
decide “what to do and where”: (values in mm) 
 
IF (Evapotranspiration > 7.85,"N", IF ((Evapotranspiration ш 6) AND (Evapotranspiration < 7.2),"W", IF 
((Evapotranspiration ш 7.3) and (Evapotranspiration < 7.7),"A","F"))) 
 
where N is do nothing, A is do agriculture, F is do forestry, and W is do wetlands.  
 
IF (GROUNDWATER_L < 1.5,"N", IF ((GROUNDWATER_L ш 2.3) AND (GROUNDWATER_L < 3),"A",IF 
((GROUNDWATER_L ш 3) AND (GROUNDWATER_L < 5),"W","F"))) 
 
The groundwater information was found from the relationship with rain after running the Stella Model (Appendix 
C).  In order to map the values in the ILWIS program, a relationship between rain and the DEM (Digital Elevation 
Model) was found with information from two weather stations for 2008 from June to December. The average rain 
[mm] was related to the height as: 
 
Rain = 0.2021 x DEM – 515.5 
 
Considering the geostatistics the following criteria was used (values in Ohm-m): 
 
IF (Cokrig_Layer_1 < 200,"N", IF ((Cokrig_Layer_1 ш 300) AND (Cokrig_Layer_1<500),"A", IF 
((Cokrig_Layer_1 ш 500) AND (Cokrig_Layer_1 < 700),"W","F"))) 
 
IF (Cokrig_Layer_2 < 200,"N", IF((Cokrig_Layer_2 ш 300) AND (Cokrig_Layer_2<500),"A", IF ((Cokrig_Layer_2 
ш 500) AND (Cokrig_Layer_2 < 700),"W","F"))) 
 
The optimal allocations of restoration applications for the studied zones were those shown as follows: 
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Fig 7. Multicriteria results for optimal land use applications 
 
The results show agreement with past and current events.   On one hand, the wetland (next to Tominé Reservoir) and 
fish production projects, on the other, two existing artificial wetlands, one for bird watching and other for the 
Municipality water treatment plant. The “do nothing area” matches well with the actual situation in the region, 
because most of the zone has already been mined and rehabilitation is a current process for agriculture applications 
(See paper SUSTAINABLE AGRICULTURE IN MINING REGIONS FOR AGGREGATE PRODUCTION). 
The zone requires creating enough artificial wetlands for various reasons: to provide water for the 46% of 
agriculture projects (includes the 23% of the current project in the zone after mining) and 12% of forestry; to 
accumulate enough water for population growth within the Guasca Municipality and for Bogota (given the 
proximities to the Tominé Reservoir or secondary water source for the Colombian Capital); to improve the water 
characteristics before it arrives to the Reservoir. 
 
2. Conclusions 
 
From the Geostatistics section it can be concluded that there is a preferred direction of the mining material (Table 1) 
in particular for layer 1 (R1 and R2) and layer 2 (R3 and R4), the same for azimuth changes (Table 2).  All 
geoelectric lines had preferred geostatistics spherical model (Table 3).  For lines R1 to R4 the selection was taken 
for the model with lower standard deviation. For the Digital Elevation Model, the selected model was Gaussian 
(Figure 2).  In addition it can be shown that there is an important potential for mining of aggregate materials (Figure 
3) with Ohm-m values greater than 300 Ohm-m in all 4 layers. 
From the evapotranspiration section, it can be shown that the models used presented similar results with an average 
evapotranspiration value between 5 and 6 mm per day (Table 4).  Uses of sunphotometers are necessary to generate 
more realistic results. 
From the groundwater levels, the Fourier transformations (Figures 4 to 6) showed very similar relationships between 
the calculated values and the measured values and provided information about the maximum water level changes.  
In order to map the results in ILWIS it was necessary to relate groundwater levels as a percentage of rain, and rain to 
the Digital Elevation Model developed with a R2 of 0.92 with respect to the ground control points. 
Optimal land use identification and modelling is necessary to get the maximum potential of possible applications in 
zones to warranty sustainable development. Results of the models should be compared with current activities and 
future needs.  From the studied zone, it is very important to create various artificial wetlands not only for irrigation 
demands but also for providing water to Municipalities and major cities and improving its quality characteristics. 
Results from Multi-criteria agree with the actual region characteristics and potential future needs. 
The presented protocol could be used in different worldwide regions with various possible applications. 
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Appendix A. 
 
The Surface Energy Balance Algorithm for Land (SEBAL) model was used to determine the evapotranspiration in 
the study zone. SEBAL is based upon the energy-balance equation: 
 
 
 
where  is the net radiation,  is the soil heat flux,  is the sensible heat flux, and is the latent heat flux. These 
components are considered the principal energy sources that drive the land surface flux densities. The equation 
neglects the energy required for photosynthesis and the heat storage in vegetation. The SEBAL model is a one-
source modeling approach that does not discriminate soil and vegetation components. It is based upon the estimation 
of spatial variability in surface energy fluxes (French 2005). The net instantaneous radiation is defined as:  
 
 
 
where  is the shortwave broadband surface albedo map [-],  is the instantaneous incoming shortwave radiation 
[W m-2],  is the instantaneous incoming longwave radiation [W m-2], and  is the instantaneous outgoing 
longwave radiation [W m-2]. 
 
BROADBAND SURFACE ALBEDO 
 
The shortwave broadband albedo ( ) is defined as the ratio of the surface upwelling flux ( ) to the downward flux 
( ) over a range of wavelengths as follows: 
 
 
 
where  is the surface reflectance per wavelength , for every waveband  , with , for a shortwave 
broadband albedo . 
 
 for an ASTER image is defined (Liang et al. 2002) as: 
 
 
 
where  corresponds to the top bidirectional reflectance per band. The subscripts are related to the ASTER bands. 
 
INSTANTANEOUS INCOMING LONGWAVE RADIATION  
 
Any body having a kinetic temperature higher than 0 K emits energy according to the Planck law: 
 
 
 
where  is the Stephan Boltzmann constant = 5.67 × 10-8 W m-2 K-2 and 
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where  is the apparent emissivity of the atmosphere [-],  is the water vapor pressure [mb],  is the saturated 
water vapor pressure[mb],  is the screen air temperature [°C], and  is the relative humidity [%]. 
 
was obtained by regressing the average temperatures at various weather stations on January 17, 2002 over the 
altitude of the stations. 
 
INSTANTANEOUS OUTGOING LONGWAVE RADIATION 
 
The instantaneous outgoing longwave radiation  is defined as:  
 
 
 
where  is the broadband emissivity [-] and  is the instantaneous surface temperature [K] obtained directly from 
the AST_08 ASTER product. 
 
To obtain the , the five  radiance maps were computed from bands 10–14, followed by the computation of five 
 and five emissivity maps and the determination of the broadband emissivity 
 was found by applying Plank’s law: 
 
 
 
Materials are not perfect blackbodies, however, and as a consequence, they emit radiation depending upon their 
physiochemical components, absorbing some radiation through molecular   interactions. The spectral radiance of a 
real body ( ) is: 
 
 
 
where  >:ȝP4 m-2],  >ȝP.@,  = brightness temperature at sensor [K] 
(ASTER image product AST_04),  = body kinetic temperature [K] (ASTER image product AST_08), and  = the 
ZDYHOHQJWK>ȝP@. 
 
The spectral emissivity  [-]. Most materials have a spectral emissivity between 0.9 and 1 in the 0.8–
ȝPZDYHOHQJWKUHJLRQSome minerals have much lower emissivity, however. The following formula was used to 
find the broadband emissivity: 
 
 
 
The net radiation is found as , where 419 W m-2 corresponds to the measured radiation 
on January 17, 2002 (data from the closest weather station to the studied area). 
 
SOIL HEAT FLUX (G) 
 
The soil heat flux could be determined in two ways. The first way is by using the following formula proposed by 
Bastiaanssen (1995): 
 
 
 
where  is the instantaneous net radiation map [W m-2],  is the surface temperature map [K],  is the surface 
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broadband albedo map [-], NDVI is the normalized vegetation index [-], and  is a factor to convert the 
instantaneous values of albedo to daily averages (default = 1.1). 
 
 
SENSIBLE HEAT FLUX (H) 
 
The determination of the sensible heat flux involves the following formulas:  
 
For surface roughness, , 
 
 
 
 
 
The relationship among , , and NDVI is found. From that relationship,  and  were determined to be -6.1443 
and 8.5799, respectively. For the displacement height , the following formula was applied: 
 
 
 
or 
 
 
 
In order to determine the Leaf Area Index (LAI) from January 17, 2002, various fittings were studied based on the 
relationship between NDVI and LAI from MODIS on July 1 from 2000 to 2008. A total of 50 lines for each year 
corresponding to the studied area were fit. The selected relationship was a Fourier degree 3. The model was 
implemented with the NDVI value from the ASTER image from January 17, 2002. 
 
The  constant was found by obtaining the same distribution by trial and error and had an average value that gave 
twice the displacement of that given by the formula from Paul et al. (2014). For subsequent calculations, the values 
from Paul et al. (2014) were used. 
 
The sensible heat flux is defined as: 
 
 
 
where  is the sensible heat flux [W m-2],  is the moist air density = 1.12 kg m-3 (although it is pressure 
dependent),  is the air-specific heat at constant pressure = 1004.16 J kg-1 K-1,  is the aerodynamic resistance to 
heat transport between the surface and the reference level [s m-1],  is the surface temperature found from the 
satellite image, and  is the air temperature for every pixel. 
 
LATENT HEAT FLUX  
 
The latent heat flux ( ) was found from the relationship:  
 
 [W m-2] 
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If  was positive, then a solution for the soil and canopy energy fluxes was reached. If it was negative, the soil was 
likely to be dry, so  was set to 0 (Norman et al. 1995). 
 
EVAPOTRANSPIRATION 
 
The instantaneous albedo derived from the visible channels is proportional to the average daily albedo: 
 
 
 
where  is the broadband surface albedo map [-],  is the average daily net longwave broadband radiation, and 
 is the conversion factor for surface albedo (the ratio between the average daily albedo and the instantaneous 
albedo as derived from the visible-band image). 
 
The albedo from the visible-band image is given by (Liang et al. 2002): 
 
 
 
 was taken as 0.057, or the minimum value, and had an average value of 0.583. The daily net radiation is given by: 
 
 
 
where  is the daily net radiation [W m-2],  is the incoming daily shortwave radiation (taken from either 
the closest station to the interest zone with the value of 419 [W m-2] or from Kin calculated from the relationship 
with PAR), is the incoming daily longwave radiation map found from previous operations [W m-2],  is 
the outgoing daily longwave radiation map found from previous operations [W m-2],  is the broadband surface 
albedo map [-], and  is the conversion factor for surface albedo = 0.057 [-]. 
 
 
 
The evaporative fraction, or the energy used for the evaporation process divided by the total amount of energy 
available for the evaporation process, was defined as: 
 
  
 
Appendix B. 
 
EVAPOTRANSPIRATION FROM THE SURFACE ENERGY BALANCE SYSTEM 
 
The Surface Energy Balance System (SEBS) model was also used to determine the evapotranspiration. This model 
is based upon the energy balance equation: 
 
 
 
Where  = net radiation,  is the soil heat flux,  is the sensible heat flux, and  is the latent heat flux. 
 
Net radiation is defined as: 
 
 
 
where  is the broadband surface albedo [-];  is the downward incoming solar radiation [W m-2]; 
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is the emissivity of the surface;  is the downward longwave radiation [W m-2];  is the Stefan-
Boltzmann constant; and  is the surface radiative temperature measured by a remote sensor from the 
visible to the thermal infrared wavelengths. 
 
  
 
where  is 1367 W m-2 or the solar constant;  is the eccentricity factor;  is the solar zenith angle; 
and  is the air mass; is the optical thickness. 
 
  
 
where  is the emissivity of the atmosphere = 9.2 × 10-6 (  + 273.15)2, and   is the air temperature at the screen 
height.  
 
 
 
where  is the ratio of the soil heat flux to the net radiation = 0.05 for full vegetation canopy (Monteith, 1973),  is 
the ratio of the soil heat flux to the net radiation = 0.315 for bare soil (Kustas and Daughtry, 1989), and  is the 
fractional canopy coverage (determined from remote sensing data). 
 
Or 
 
 
 
The evaporative fraction under SEBS is: 
 
 
 
This fraction is determined by considering limiting cases over dry and wet conditions. Under the dry limit, the latent 
heat (or the evaporation) becomes zero due to the lack of soil moisture. The sensible heat flux reaches the maximum 
value: 
 
 
 
 
 
 
Under the wet limit, the evaporation takes place at the potential rate, limited only by the available surface energy 
and the atmospheric conditions. The sensible heat flux takes its minimum value as: 
 
 
 
 
 
 
The relative evaporation  becomes: 
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where  is the actual vapor pressure,  is the saturation vapor pressure,  is a psychrometric constant,  is the rate 
of change of the saturation vapor pressure with temperature,  is the bulk surface internal resistance = 0 at the wet 
limit,  is the external or aerodynamic resistance,  is the density of the air = 1.12 kg m-3, and  is the air specific 
heat at constant pressure = 1004.16 J kg-1 K-1. 
 
 
 
where  is the slope of the vapor pressure curve [kPa°C-1],  is the air temperature [°C], and  is the saturation 
vapor pressure at temperature  [kPa] (FAO 56). 
 
The problem in using the last equation to estimate the latent heat flux lies in the difficulty to determine the bulk 
internal resistance , which is regulated by the soil water availability. Because the latter is generally not known a 
priori, an alternative procedure is employed to avoid the direct use of , in estimating . 
 
DOWNWARD SOLAR RADIATION 
 
 
 
where ,  is the air mass at sea level =1.77 kg m-3,  is the air mass corrected at the weather station 
location [kg m-3],  is the height of the weather station [m],  is the pressure at the weather station location = 22 in 
Hg, and  is the pressure at sea level = 29 in Hg. 
 
The optical thickness requires the definition of a wavelength, the use of a sun-photometer, and the calculation of  
and  coefficients.  For example: 
 
The transmissivity at 0.52 is given by: 
 
 
 
 
The previous formula means: the overall transmissivity is equal to the product of the individual transmissivities of  
air components,  is the attenuation coefficient, and  is the relative air mass of the air component. 
 
 
 
where  is the total ozone in a vertical column of air or the height of gaseous ozone if all the ozone in a vertical 
column of unit area were brought to normal temperature and surface pressure (averages about 0.225 cm near the 
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equator at 5° latitude N; Iqbal, 1983),  is the absorption coefficient of ozone (0.048 cm-1 and 0.028 cm-1 for 
wavelengths of ȝPDQGIRUȝP, respectively; from http://rredc.nrel.gov/solar/pubs/spectral/model/t2-
1.html). 
 
 
 
 
 
where  is the Angstrom coefficient,  is the wavelength exponent, and  is the relative air mass for aerosols. 
Values for  range from 0 for very clean atmospheres to 0.5 or more for very turbid atmospheres. Normal ranges for 
 are between 0.7 (for coarse particles) and 1.7. Normally,  is adopted as 1.3 (Parodi., 2006).  
 
For the ȝP wavelength, water vapor and mixed gases were not considered, because they do not occur at that 
wavelength. )RUWKHȝP wavelength, the values were calculated. 
 
The transmission of water vapor is (Iqbal,. 1983): 
 
 
 
The transmission for mixed gases is (Iqbal,. 1983): 
 
 
 
The amount of water vapor present in the atmosphere can be defined in various ways (Iqbal,. 1983). On the one 
hand, it can be defined by the mixing ratio , which is the ratio of the mass of water vapor present to the mass of 
dry air present in a unit volume. On the other hand, it can be defined by the precipitable water . which is the total 
amount of water vapor in the zenith direction between the surface of the earth at a certain elevation and the top of 
the atmosphere; it is also described as the thickness of the liquid water that would be formed if all the vapor in the 
zenith direction were condensed at the surface of a unit area. To determine the value of , the Leckner formula was 
used: 
 
 
 
where is the relative humidity in fractions of one,  is the ambient temperature [K], and  is the partial pressure 
of water vapor in saturated air . The value taken for was 0.160 × 10-01 cm-1 (Iqbal,. 1983) 
 
The optical thickness  after the calculations for the two wavelengths (0.52 and 0.69 ȝP) varied between 0.098 
and 0.41. 
 
A similar procedure was employed, but with actual reading values. The information was obtained from a sun-
photometer and spreadsheet developed by the Institute of Earth Science Research and Education. Data from March 
15, 2010 to February 20, 2013 were analyzed. A total of 1165 data points were obtained during that time. 
 
For the minimum and maximum values accepted by the device, the results were: 
 
% transmission Red channel Green channel 
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Maximum value 91.09% 99.1% 
Minimum value 0.19% 0.35% 
Average value 47.05% 61.92% 
 
On average, for the 1165 data points, the sun-photometer had an average value of 0.8 V and a maximum value of 1.4 
V in the red channel. In the green channel, the average value vas 1 V and the maximum value was 1.6 V. The 
average data was: month 5.8, day 16, year 2011, time 16 h (UT time). For the temperature, the average and 
minimum temperatures were 7.5 and 11 °C for the 1165 data points and 8 and 12 °C for 2009 at weather station 
Moravia.  
 
For the Rayleigh transmittance, the same formula wDVDSSOLHGIRUȜDWDQGȝP: 
 
 
 
The same formula was applied for the ozone, except that the vertical column was taken from data provided by the 
Colombian Institute of Hydrology, Meteorology and Environmental Studies (IDEAM). For ILWIS, the averages 
1.008225 for  and 1.09002 for  were employed. The absorption coefficient of 
ozone,  at wavelengths of ȝPand ȝPwas 0.035 cm-1 and 0.028 cm-1, respectively (from 
http://rredc.nrel.gov/solar/pubs/spectral/model/t2-1.html). 
 
 
 
For the aerosol transmittance, values from the sun-photometer were considered. In order to find , because the 
previously  mentioned the values varied between 0.7 and 1.7, the Neural Network tool from MATLAB was used, 
and various  values were tried at different partial pressures of water vapor in saturated air. The preferred  value 
was taken as 0.5, as it resulted in the highest R2 values. For , the chosen value was 0.62. The applied formula was 
the same: 
 
 
 
For the transmittance of water vapor, Iqbal (1983) provides a semi-empirical formula for the United States; 
 
 
 
Given the location of the studied area, it was necessary to determine the coefficients of the previous formula. For 
that reason, it was necessary to use neural networks again in order to determine the first coefficient. The results 
showed that a value of 29 for the first coefficient gave higher R2 values. 
 
Downward longwave solar radiation  
 
The formula was directly applied 
 
 
where  is the emissivity of the atmosphere = ,  is the air temperature at the 
reference height, and  is the Stefan-Boltzmann constant = 5.67 × 10-8 W m-2K-2. 
 
SOIL HEAT FLUX ( ) 
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where is the slope of the reflectance in the NIR and RED, and . In this case, the slope is 0.69 
as shown previously. 
 
 
 
 
 
The mean varied from 36.41 to 38.73 W m-2, and the maximum varied from 78.8 to 83.81 W m-2. 
 
LATENT HEAT FLUX 
 
The applied formulas were as follows:  
 
 
 
 
 
 
 
 
 
 
 
 
where  is the Stephan Boltzmann constant = 5.67. 10-8 W m-2 K-2, the values employed for  were 2, 5, and 10, 
 is the apparent emissivity of the atmosphere [-],  is the water vapor pressure in millibars,  is the saturated 
water vapor pressure in millibars, and  is the screen air temperature in °C. 
 
 was obtained after a regression of the average temperatures at various stations on January, 17 2002. 
 
The daily evapotranspiration was found by applying the formula: 
 
 
 
where  ,  is the daily average albedo,  is the emissivity,  is 419 W m-2 from 
the closer weather station data, and  is the daily net longwave radiation = . 
 
Appendix C 
 
Schematic diagram of the lumped Water Balance Model under Stella software. (Strobl R.,2006) 
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